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A SIMPLE HYDRODYNAMIC MODEL FOR JETTING FROM
TUBULAR HYPERVELOCITY PENETRATORS

James R. Kammm
Geopkysica Group, MS F659
Los Alamos National Laboratory, Los Alamos, NM 87545 USA

Recent experimental results of Franzen & Schneidewind [1) for the impact of tubular penetrators at 2-4 km/s
show the formation of a jet of material ejecled fro1a within the intenor cavity of the penetrator. Using a simple
hydrodynanmic model based on the tubular penetration theory of Franzen [2] we calculate ateady configurations of
outflowing penetrator and target material. From these results, the limiting velocity of the jetting material is obtained
and compared with Franzen & Schuneidewind’s experimental data.

INTRODUCTION

Franten & Schneidewind [1] (hereinafter F & S) give
a brief review of previous work on tubular penetrators.
In this work, F & S alro p.~=rnt resulta of reverse bal-
listic experiments for the normal impact of tungsten,
steel, and aluminum tubular penetrators with steel and
aluminumn targets, including radiographs of experimen-
tal impacts that show the presence of a jet of material
that ir ejected from the hollow interior of the penetra-
tor. The jet, which consists of a high speed precursor
elemr nt followed by ihe main body, was not prescut in
all experiments, a fact that F & S attribule to interac-
tion between the jet and the inner wall of the impacting
penctrator.

In this work we present a simple hydrodynamic mao:lel
of tubular rod penctration that is based closely on the
formulation developed by Franzen [2], which we madify
to allow jetting from within the penetrator cavity. From
the assumption of stenady, incompressible flow, we obtamn
values for the velucity of the jet of target material that
in ejected during the stendy penetration process. We
compare thege results with the experimentally measured
velocities of the precursor jet and the Gp of the nn jet
bady.

STLADY HYDRODYNAMIC MODLL

The hydrodynamic model we congider s based upon
the rusurmption that the flow velortien are anllticiently
&real o that matenial atrength offecta can be neglected
With this assmiption, the conmiaat penetration velocity
Uy in related to the impaet veloeity Voand the densities
of the target pg and peneteator ¢y, aa |3]

I - V. 1

y il (n
Arnumiing, that the peusteation veloeity w lews than the
sound apeed of the target matennl, we nsdel the steady
penetration process as the flow of an imviacd, aneom
preasible Hunl By v umforn tranelation at the penetra
tion veloeity Uy we obtam a fiane of relerence m which
the bottom ot the eeater o not moving, ‘T'he sde view

of this steady penciration configuration above the axis
of symmetry is presented in Fig. 1. We assign the pen-
etrator outer radiua to b unity, and Jdenote the inner
radius of the pencirator by u.

Following Franzen [2], the contours of the outflow-
ing penetraior material in Fig. 1 are identified with the
subscript 1 for flow inside the hollow cavity of the in-
coming penetrator, and the subscript o for flow out-
side ‘The widths of the layers of outguing penetrator
material, denoted by 7, and 7,, are assummed ayminet-
ric about the respective centerline curves, (r,,p,) and
{re. o). These quantities are functions of the angle g
between the direction tangent to the local centerline of
the outflowing peuetrator material and the axis of sym
metry, where —x/2 < 3 < () for flow inside the penetra
tor, and 0 < A < x/2 for flow outside,

The lraction of penetrator materinl that flows inside
the penetrator eavity is denoted g, so that the fraction
flowing ovtside is | — g. Mass eonservation implies that
the inner and outer widths are given by

(1 - p?) (- @t~ p’)

w0 S0 IR

(1) (2)

The contours of the outflowmmg penetrator material
inkide the cavity can be expreswed nu

) BT
bt } W 1y 1) e @

The radius of the target matenal flowing thiongh the
cavily has the value g at the entrance, and decreases 10
the value p® mfimtely far downstrenm The maas frae
tiom ¢ of penetrator materaal lowing inside the eavily i
shown by Franzen |2] to be

q Il’ | "l_-nl/(l'l ";‘ul)l l . (1)



Figure 1. Side view of the impactl of a tubular penetrator above the axis of symmetry in the steady frame. The
penctrator, which has outer radius unity and inner radius 4, is moving from right Lo left at velocity V — Up, where
V is the impact velocity and U7y is the hydrodynamic penetration velocity. The fincly dashed lines represent the
centerlines of the outflowing penetrator material outside (o) and inside (i) the penetrator. The angle between the
local centerline tangent and the symmetry axis is denoted £.

where p, is the static preasure, {7 is the flow velocity,
and ent denotes values at the entrance to the cavity.

To determine the inner flow contour, we make the fol-
lowing assumption: in the frame of reference in which
the interface between target and penetrator at the bot-
tom of the crater is not moving, the flow of target ma-
terial into the cavity occurs at the penetration velocity,
i.e., Uene = Up. This differs from the condition posited
by Franzen [2]. who requires that the target material
flow into the cavity at an undetermined velocity (less
than Uy) and reach the velocity Uy infinitely far down-
stream; implicit in Franzen's approach is that there is
no hydrodynamic jetting of target material.

The jet velurily al any downstrenr ponition identi
fied by /1 in related to the local cavity radius and the
inflow penetration velocity and radius s

o= () v~ o (2 o

where the linnting value 17* in the veloeity infinitely
far downstream (ie, an 1« 0 ). ‘The atatic pres
sure p, of the outllowing target 1inalerinl decrenses from
its initial value p, po00 Lo the value 2eroan 1 2 0 A
cording to the Bernoull relation  p,.ne ¢ § plld
!p.”',. Uning Fyu 4 and §, the following expren
mone for the preamure at the cavity entrance and for the
inward flowing penctrator mass fraction are obtmned

1 )
Paont 'lll'”'f l(l‘/ﬂ l‘ |I '
?
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There are two limits for which these expressions are
eanily examined: (1) the “cookie cutter™ limit of a tubu-
lar penetrator with a vanishingly thin wall: 4 — 1~ and
(2) the solid rod limit: g — 0%, In the first case, as-
sumning that the jet radius also approaches unity implies
that the jet velocity reducea to the penetration veloe-
ity (i.e., there is no jetting in the laboratory frame of a
zero velocity target), the static pressure at the cavity en-
trance goes to zero, and half of the penetrator material
flows nkide the cavity. In the solid rod case, asnuming
that the jet radius vanishes faster than the cavity inflow
radius (i.e., p” = o(u) sx gt — 0%) implics that both
the jet velucity and the static pressure at the cavily en-
trance grow withont hound, and all penetrator materinl
flows outside of the eavity; thewe limiting values for the
jet velocily mnul eavity entrance pressure are clearly un-
phyrical, indicating that our madel is inappropriate in
the solid roul limit.

Following Franzen [2], we assume that the internnl
flow in governed by the balanee between the normal foece
due to the dynamic and atatic pressure in the outflow
ing target materinl and the normal foree due to the cen
tripetal acceleration of the outflowing penetrator mate
fial Thin balance in expressed in the equation

Vooty)?
n(n) Iy ( "(”;) '

where R enc 2 (dy, [d;1) in the radiir of earvature
of the of the inner centethine curve, Using, Fgn 1, 2,00, h,
and the Beenonlh relation, this equation siphfies to the
fullowng tirst order ODE for the centerhne y coordinnte
of the intenor flow contouy

: p 0200 min? gt 4 po(it) (7



j‘ﬁ =$ [(l — u?) g sin ﬁ]

dg
s\ iyt cos? -
) (_. - 4 - (8)
H [v? ~ §(0 = u?)q cos 1]

This equation i8 subject to two boundary conditions,
viz., (1) at inflow, the centerline value is the inner radius
of the penetrator; and (2) at outflow, the inner contour
height is the jet radius These boundary conditions are
expressed mathematically as:

w(--x/2)=p,

w(0) = '—‘2— {l +/1+[g(1 —u*)]/ﬂ"} - (9)

Eqs. 8 and 9 constitute a two-point boundary value
problem for y, with the eigenvalue u® The axial co-
ordinates of the associated flow contours are related to
the radial coordinates through the geometric relation
dy,/dr, = tan g.

Substitution of the following variables:
'.J

wz=yl, A= 4t A=t

£ =cosjd, (10)

simplifies Egs 8 9 Lo the following form

== -2(1= A)g

(4)'- ( AwE )

A [w- - nag)"/) [
w(€ = 0) - X,

we =1 o {0 VTR Y an

These equations can be annlyzed in the “cookie cutter”
It A - Asmuinnng, that A* decreases from the
limiting valvs of unity faster than A, we empioy the fol
lowing expansions (where (0 < ¢ € 1),

w= 1l evd4oe), Azl tor) (12)
Substituting these quantities into Eq 11 and impeowing,
the boundary condition at £ 0 yaelds the following so
Iution for the leading order term

2 A7 1 .\-{) ,
v 1y Ly e I“K(l AL ()

Analvmis of the D oandary condition L inplies that

the expanmion for A should be of the form
A" 14 6y lop, ¢ If—,l|ll'l,||ny|r||[_1!|u(r) (14)

Submtituting, thie expression iuto the boundary condy

tion given in Eq. 11, equating like terms. and solving
the resulting equations yields the following values for
the perturlation coeflicients:

f2 ==, [3= - (g+log2) = -194.(15)

RESULTS

An initial solution to Eqs¢. 8 and 9 was found using
the relaxation method [4] for a value of 4 near unity with
an initial guess for u*; other members of the family of
solutions parameterized by p were obtained by continu-
ation in j away from the initial eonverged solution. The
results for the limiting nondimensional jet radius as a
function of the ratio of penetrator inner radius to outer
radius are given in Figure 2. When p approaches the
limiting “cookie cutter™ value of unity, the jet radius
also approaches unity; as the thickness of Lthe penetra-
tor wall is increased, the jet radius decreases. Numerical
solutions were obtained down to the value of u = 0.1;
below this value, the computed limiting jet velocity is al-
most an order of magnitude greater than the penetration
velocity, a situation we guspect to be physically unlikely.
Plotted as a dashed line in Fig. 2 is the value of 4* com-
puted by Franzen [2] under the assuniption that there
18 no hydrodynamic jetting. Whereas our model gives a
nonzero limiting jet radius for tubular penetrators of all
thickness ratios chosen, the zero-jet assumption implies
that the center cavity converges on axis for < 0.69,
for which no flow configuration solution was obtained.
The dotted hine in the inset to Fig, 2 s the perturba
tion solution, through and including the O(e) termn, for
0<e=0l.

Figure 3 depicts the results for the computed jet ve
locity normalized by the hydrodynamic penetration ve.
locity in the Inboratory frame (1., the frame in which
the penetrator has speed Voand the target is station
ary) as A function of the ratio of penetrator inner ra
dius to outer radius There s no jetting in the “cookie
cutter” hmit, and the limiting jet veloeity increases ns
the nondimensional inner radius of the penetrator de
The dotted line in the weet to Fig 3 is the
perturbation solution, through and including the O )
terin, for 0 < ¢ < 0.1 Alvo shown on this dingraun
are the expenimental values presented by F & S for the
precuraor velocity (denoted with a cirele) nud the ve
locity of the tip of the man jet (denoted with aoerons),
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norinalized by the hydrodynnime penetration veloaty
computed according to Fog 1 for the materinds involved,
antmng, the followimg mnss densities pw 1902 gfee,
Pateel TR p/ee, and pa 27 gfoe The numerieal
vidues of the experunental data and the correnponding
madel results are presented g Table 1 The liniting,
Jetvelovity predicted by the hydrodynamie model com
paresioderately well with the eaxperimental data for the
precursor Jet, which may conmst of ejpected target ma
teninl hberated by high tenm! sireanes This favorable
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Figure 2. Computed limiting nondimensionalized jet ra-
dius as a fuuction of the ratio of inner radius to outer
radius of the tubular penetrator. The solid line repre-
sents the results of Lhe present investigation, the dashed
line denotes the non-jetting limiting cavity radius values
according to Franzen (2], and the dotted line in the inset
is the perturbation solution, through and including the
Ofe) term.
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Figure 3. Computed limiting nondimensionalized lab
frame jet velocity versus the ratio of inner to outer radius
of the tubular penetrator. The dotted line in the inset
ia Lhe perturbation solution, through and including the
O(c) term. Experimental data of F & S [1] for impacts
of W, sLeel, and Al penetrators on steel and Al targets
are depicted as o for precursor jet velocity, and x for
main jet velocity.

Table 1. Experimental and computed jet velocities for the impact of tubular penetrators.

F&S Pen. Target M Vv Uy Experimental Comp.
Test # Malterial Material (km/r) (km/a) Unp /U Uprec/Ua U/l
HT-15 w Steel 0.84 2.17 1.33 0.26 0.35 0.49
HT-16 W Steel 0.84 2.26 i.38 0.14 0.39 0.49
HT-17 w Steel 066 2.04 1.25 0.22 0.88 0.95
HT-18 w Steel 0.66 2.04 1.25 0.14 . 0.95
Ir-24 Steel Al (.86 3.09 226 0.04 0.31 0.44
025 Steel Al 0.76 3.63 2.29 - (.56 0.69
HT-27 Al Al 0.66 4.00 200 0.10 034 0.95
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comparinon i iplerenting, a8 we have neglected the of-
fecta of compresaibility snd material strength, hoth of
which piay niguificant roles in the phenotmenology of era
tering and «jecta formation. The “ballpark™ agreement
between the computed jet veiocitiea and experimental
precursar velocitien suggestn that basic hydrodynamica
mny provide a useful model for the jetting of waterial
Juring the quasi steady phiae of peneteation following
the tmpact of tubular rods at modernely high velocitien.
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